[1] Sandbox models of accretionary wedges have demonstrated that fault systems grow episodically via cycles of alternating wedge thickening, which is accommodated by slip along faults within the wedge (underthrusting), and wedge lengthening, which is accommodated by growth of new faults at the wedge toe (accretion). The transition between these two modes of deformation is controlled by the interplay of work against gravity, frictional heating, the work of deformation around faults, and the work of fault propagation and seismic/acoustic energy. Using numerical mechanical models based on the boundary element method, we have simulated the deformation observed in sandbox experiments, providing a mechanical analysis of the underthrusting/accretion transition. Our results show that the total work done by the contracting wedge increases during the underthrusting stage up to a critical value when the propagation of a new frontal thrust significantly reduces the work required for further deformation. The numerical models also predict the location of the maximum shear along the basal décollement during underthrusting as well as the energetically most viable position and vergence for the nucleation of a new thrust. These locations do not coincide, and the match of the energetically most favorable position with the experimental results suggests that the new thrust ramps develop first ahead and then link down and backward to the propagating basal décollement. The shear localization producing a new thrust ramp will occur where the energy spent by the deforming wedge is minimized due to an optimal combination of gravitational, frictional, internal, and propagation work terms. 
1. Introduction
Critical Taper Theory
[2] Since the proposition of the critical taper theory [Dahlen et al., 1984; Dahlen, 1990] , fold and thrust belts have been successfully analyzed with the assumption that they deform as a self-similar wedge of noncohesive brittle material such as in front of an advancing bulldozer. The theory states that the wedge deformation is ultimately controlled by the ratio between internal coefficient of friction (m) and the basal coefficient of friction (m b ) and that the wedge must be on the verge of Coulomb failure everywhere and at every time. Only in this case can the taper angle be calculated as a function of m and m b [Dahlen, 1990] . The requirements set in the analytical treatment produce a constant taper angle during wedge growth, i.e., the wedge preserves a fixed length to height ratio throughout deformation. However, this reflects observations only to a first degree.
[3] The critical taper theory has been largely applied to the evolution of fold and thrust belts since its proposition and systematically tested against both natural analogues [Lallemand et al., 1994; Ford, 2004; Bangs et al., 2004; Vannucchi et al., 2003; Saffer and Bekins, 2006; Wang and Hu, 2006] and experimental techniques [Bombolakis, 1994; Lohrmann et al., 2003; Adam et al., 2005] . The wide application of the theory of critical taper owes to its intuitively simple approach to interpret wedge mechanics in terms of m/m b ratio, despite the complexity of the analytical treatment. By simply reducing or increasing the aforementioned ratio, the equations derived for this theory successfully predict the complete sequence of faulting processes occurring at contractional margins (accretion, underthrusting, underplating and basal erosion). Nevertheless, the current form of the critical taper theory provides an end-member scenario that neglects the importance of elastic processes and strain hardening/softening that might affect the temporal distribution of the state of stress and ultimately the wedge geometry [Wang and Hu, 2006] . For instance, the theory correctly envisages transition between accretion and underthrusting, but does not address why a wedge should activate a deeper décollement level nor where shear stresses would localize in order to produce a new fore-thrust ramp. Furthermore, the predicted constant taper is seldom observed in natural case studies. Rather than growing selfsimilarly, new material is generally seen to be incorporated into the wedge episodically via processes that occur at distinct times.
[4] Elastic effects related to subduction megathrust faults locking are well known to influence the large-scale geometry of the forearc. Zones of interseismic locking may act as boundaries between subsiding basins and accreting regions [Wells et al., 2003] and control variations in trench-parallel forearc topography [Song and Simons, 2003] , such as steepening of the forearc slope [Bangs et al., 2004] . Also rotations of large-scale sectors of orogens have been attributed to plate locking [McCaffrey et al., 2000] . However, how the role of local elastic processes that operate on single thrust fault might influence the wedge mechanics has not yet been investigated in detail.
Overview of Sandbox Experiments of Wedge Growth
[5] Sandbox models are a common technique to study wedge kinematics. Analysis of analogue experiments suggest that the wedge development is characterized by discontinuous phases of alternating wedge thickening, accommodated by slip along thrust faults within the wedge, and wedge lengthening, accommodated by nucleation of new thrust faults in front of the wedge [e.g., Mulugeta and Koyi, 1992; Storti and McClay, 1995; Gutscher et al., 1996; McClay and Whitehouse, 2004; Konstantinovskaia and Malavieille, 2005] . These two processes are referred to as underthrusting and accretion. After an early phase of accretion (Figure 1a) , an underthrusting stage begins, when a coherent sheet of undeformed material slides underneath the wedge via activation of a roof thrust. The roof thrust allows for the wedge to vertically thicken, increasing the taper angle (Figure 1b) . By contrast, the accretionary stage predicts nucleation of new thrust ramps in front of the toe of the wedge by concentrating the slip along the basal décolle-ment. New fore thrusts accrete at the wedge front and the wedge taper decreases accordingly ( Figure 1c ). Recent analyses showed the cyclic nature of this transition [Gutscher et al., 1998; Del Castello et al., 2004; Adam et al., 2005; Naylor et al., 2005] . As a result of these cyclic processes, the wedge may display a variety of slope angles during growth and does not obey the self-similar growth requirement of critical taper theory. What controls the duration in time and the persistence of the accretion and underthrusting stages? Observation of wedge growth in sand-box models suggests that the predominance of one mode over the other can be controlled by such factors as syntectonic erosion/sedimentation or temporarily unbalanced topography [Storti and McClay, 1995; Del Castello et al., 2004] , high basal friction [Gutscher et al., 1996; Kukowski et al., 2002; Konstantinovskaia and Malavieille, 2005] , wedge thickening and basal friction [Burbidge and Braun, 2002] , mechanical interaction between prowedge and retrowedge [Del Castello et al., 2004; Naylor et al., 2005] . Yet, all these approaches envisage static m/m b ratio with faults in constant state of creep. In contrast, natural faulting processes incur friction drop during slip (i.e., slip weakening) that can change the mechanics of the system. Consequently, previous studies underestimate or totally neglect the effect of the phases of elastic loading predating episodes of frictional slip on faults.
[6] Stick-slip behavior [e.g., Rabinowicz, 1958] has been, until recently, disregarded in analogue modeling of accretionary wedges, because of the general assumption that sand cannot preserve a ''mechanical'' memory on preexisting fractures. Because of the poor measurements of analog material properties, the elastic interval of deformation and strain hardening processes have been traditionally considered as of secondary importance for noncohesive wedge growth. Recent refined laboratory analyses demonstrate that granular analogue materials show a significant departure from the Coulomb elastoperfectly plastic behavior, with a marked decrease in m at the transition between material peak strength and residual strength [Lohrmann et al., 2003; Ellis et al., 2004; Panien et al., 2006] . The strain hardening prior to peak strength and the strain softening post peak strength has been related to decompaction/compaction cycles affecting the sand during the compressional stress loading and subsequent rupturing [Lohrmann et al., 2003] . The stressstrain curves for the sand materials tested agree well with characteristic curves of rocks and soils [Jaeger and Cook, 1969; Lambe and Whitman, 1969; Marone, 1998; Barnhoorn et al., 2004] . Adam et al. [2005] used particle imaging velocimetry (PIV) techniques within sandbox experiments of wedge growth to document how accretion and underthrusting processes are not synchronous but cyclic and might be related to strain hardening/softening cycles occurring at the roof thrust and basal décollement.
[7] In this paper we use a boundary element method (BEM) code to numerically reproduce the sandbox experiment of wedge deformation published by Adam et al. [2005] . Analogue models based on noncohesive, Coulomb material are excellent tools to test the applicability of the critical taper theory, yet their information is limited to kinematics rather than a full mechanical deformation. We try to bridge this gap by constructing a numerical model that utilizes recently revisited strain hardening/softening properties of sand within a fully elastic BEM code. The investigation is restricted to a single underthrusting/accretion transition for which we calculate the work balance and discriminate between different work terms, trying to assess both the trade-off mechanisms between the energy terms and the impact of each of them at the transition. The setup of our numerical models is based on the fault configurations and sequence of faulting revealed by PIV analysis of sandbox experiments by Adam et al. [2005] . This paper presents a systemic view of wedge growth using work budget assessments that are consistent with natural and sandbox observations, encompasses existing ideas of wedge growth and does not rely on temporal nor spatial variations in material properties to achieve cyclic transitions between underthrusting and accretion modes.
Work Analysis by Boundary Element Method

Description of Work Terms
[8] Transitions between underthrusting and accretion modes may reflect adjustments to the balance between work against frictional slip along the basal and inner wedge faults, work of deformation within the host material and uplift work against gravity. Despite the lack of consensus on the applicability of the principle of work minimization to largescale systems in nature [e.g., Bird and Yuen, 1979; Sleep et al., 1979] , systemic analysis of the interaction between various work terms has yielded insights to the study of deformation mechanics of geological structures [Mitra and Boyer, 1986; Platt, 1988; Melosh and Williams, 1989; Gutscher et al., 1998; Masek and Duncan, 1998; Burbidge and Braun, 2002] . However, studies to date have not revealed the trade-off between the various work components as the system shifts between accretion and underthrusting modes. Within accretionary systems, faults are constantly growing, shutting down and initiating via a complex interplay of different work terms as the system persistently seeks to minimize the total work. The total work in the fault system, W tot , is the sum of work against gravity, W grav , work against frictional sliding, W fric , work of internal deformation in the material around the fault, W int , work of propagating new faults, W prop , and work of seismic radiated energy, W seis [Cooke and Murphy, 2004] .
Each of these work terms is calculated as the product of appropriate force times displacement. The work against gravity is positive for contractional systems and negative for extensional systems. W grav depends on the vertical uplift and vertical normal stress due to overburden weight integrated over the area of the system. In a two-dimensional system with horizontal position, x, and depth of burial, d, as a function of vertical position, z,
where g is gravitational acceleration and r is the average density of the overburden. When a fault slips, work is done resisting friction along the fault surface; this work is expressed as frictional heating. For example, weak faults (m = 0) produce no work against friction and do no exhibit frictional heating. W fric depends on fault slip and shear stress integrated along the length of each fault in the system. W fric is one of several forms of work that is path-dependent. Faults do not necessarily unslip when they are unloaded so that different loading paths may produce different W fric . Consequently, this work is integrated over the loading path; in this case the path of applied horizontal strain, " hor . W fric is also integrated over the fault length, l, along which normal stress, s n , slip, s, and frictional coefficient, m, may vary.
The internal work is the stored strain energy density, a measure of mechanical work within the system. W int is calculated as strain times stress at a point, integrated over the area of the system [e.g., Timoshenko and Goodier, 1934] . Using Hooke's law, the strains can be formulated as stresses to get
where E and v are the elastic properties Young's modulus and Poisson's ratio, respectively. The work of fault propagation, based on Gibb's free energy, is the energy required to break intact rock and create new fault surface energy integrated over the length of new fault surfaces [Scholz, 2002] . Fault surfaces are often accompanied by abundant damage within the host rock so that the total new surface area created is far greater than the area of new fault surface. The seismic radiated energy, expressed as ground shaking or acoustic energy, is the energy released from the surrounding rock during fault slip. W seis is path-dependent and depends on the shear stress drop, Dt, and slip along the sliding faults [Scholz, 2002] .
For finite models, such as that considered in this study, we can also calculate external work on the system, which should equal the sum of the individual work terms. This external work is the product of displacement along the boundaries of the system times the forces along that boundary. W ext is pathdependent and is integrated over the loading path. Within this study we are able to compare the W ext from our models to W tot in order estimate the errors in our work calculations.
[9] Whereas some forms of work are nonconservative and lost to the system such as W fric , W prop and W seis , others serve to store work that can be later used to drive faulting, W grav and W int . For example, thrust faulting may release stored internal strain within contracting systems, but this occurs at the expense of producing greater work against gravity. Cooke and Murphy [2004] expanded the theoretical formulations of Mitra and Boyer [1986] to include a more rigorous internal work term (equation (4)) so that a completely balanced work budget can be evaluated within numerical models to simulate the growth fault systems. We use this formulation (1) to evaluate the principle of work minimization theory for an accretion/underthrusting cycle, (2) to quantify the role of each work component within a cycle, and (3) to test the similarity of analog experiments to results obtained by the boundary element method (BEM) technique.
BEM
[10] The BEM uses the principle of continuum mechanics to calculate stress and strain throughout a faulted rock body [e.g., Crouch and Starfield, 1990] . All the data necessary for analysis of the work terms, including slip, traction, internal stress and strain and vertical displacements, are constrained by the governing differential equations of continuum mechanics. Unlike the Finite Element Method, which requires discretization of the entire body, the BEM only requires discretization of model boundaries and discontinuities (i.e., faults). This is advantageous for modeling multiple interacting faults because BEM requires less effort for discretization, and errors due to discretization and approximation arise only on the boundaries and along fault surfaces [Crouch and Starfield, 1990] . The BEM code used in this study, FRIC2D, computes the two-dimensional elastic and inelastic deformation associated with frictional slip along faults using the displacement discontinuity formulation of Crouch and Starfield [1990] with special constitutive frictional-slip elements . The model boundaries and fault surfaces are discretized into linear elements each with uniform shear and normal displacement discontinuities. Additionally, along fault surfaces FRIC2D requires prescription of constitutive properties such as cohesion and friction coefficient. FRIC2D has been used to investigate faulting Roering et al., 1997; Cooke and Kameda, 2002; Cooke and Murphy, 2004] , bedding plane slip within folds [Cooke et al., 2000] , joint propagation [Cooke and Underwood, 2001] and sediment compaction associated with buried craters [Buczkowski and Cooke, 2004] . FRIC2D assumes linear elastic, isotropic and homogeneous rheology, which may not appropriately simulate sand deformation at all scales or at all time intervals. Specifically, the code does not capture the details of individual grain movement and instead treats the entire sandbox as elastic for the short time periods simulated. Because loose sand accumulates a large amount inelastic deformation over the course of an analog experiment, infinitesimal snap shots of quasi-elastic deformation are simulated within each numerical experiments of this study. These snapshots allow us to investigate the firstorder effects of fault geometry and growth on the work budget of the accretionary system.
Model Setup
[11] The shape and properties of the wedge in the model were designed to mimic the sandbox analog experiments analyzed by the particle image velocimetry technique (PIV) [Adam et al., 2005] . By comparing sequential high-resolution images, PIV is able to track grain-by-grain dislocation and thus produce maps of shear strain within the wedge. In this way, it is possible to obtain a continuous recording of the activity of faults and their geometry.
[12] The BEM model simulates a 0.6 m length of the sandbox experiment performed by Adam et al. [2005] . We follow the observations of Adam et al. [2005] and focus our investigation on the deformation within the toe of the wedge at the transition from underthrusting to accretion. The total length of the model is 1 m to ensure that the lateral sides of the model are sufficiently far from the region of investigation to minimize boundary effects. The topography of the top of the model resembles the laboratory experiment, and in the model, the upper surface is prescribed to be stress free (Figure 2) . A series of numerical models investigates small increments of deformation during the transition from underthrusting to accretion; in this manner, the models simulate snapshots through this transition. Within each snapshot, only fault surfaces with activity detected by PIV of Adam et al. [2005] and the basal décollement are included in the model. For each snapshot, the left side and base of the model are heaved to the right 0.5 cm (0.5% contraction) while the upper portion of the right side of the mode is horizontally fixed. The lower two elements of the right side heave to the right creating a discontinuity along a horizontal Figure 2 . Conceptual diagram of model set up and boundary conditions. The deformation is modeled by heaving the left, bottom elements and bottommost two elements of the right end side toward the right. The residual and peak coefficients of friction are chosen for active and inactive segments of the basal décollement, respectively. The underthrusting stage is modeled by progressively lengthen the roof thrusts to the right. Because of wedge geometry, the roof thrust will be loaded by increasing overburden as it lengthens.
frictional interface that simulates the base of the laboratory experiment. Where the shear stress is low (i.e., less than frictional strength) along this base, the overlying sand is transported to the right; where shear stresses are high, the sand may not be transported to the right creating a décolle-ment surface. In addition to the frictional interface simulating the basal décollement, various roof thrust lengths and accretion fore thrusts are prescribed as frictional interfaces within the models.
[13] The frictional properties assigned to the fault surfaces depend on whether they are slipping or not. For sliding surfaces (faults within the wedge and portions of the basal décollement to the right of these faults) a friction coefficient of 0.5 is assigned to mimic frictional properties under dynamic slip conditions measured in laboratory tests of Adam et al. [2005] . The portion of the basal décollement to the left of the thrust faults (in front of the thrust faults) is assigned higher friction (m = 0.7). This higher value corresponds to the coefficient of friction measured for the sand at peak strength, i.e., at the verge of failure [Adam et al., 2005] . The roof thrust and fore thrusts added in sequential models are assigned the lower-valued dynamic coefficient of friction (m = 0.5). The effective normal and shear stiffness are estimated from the material stiffness and the width of the fault zone observed in the experiments of Adam et al. [2005] . To establish the values of Young's modulus and Poisson's ratio for our models, we compared the frictional strength of the fine sand used by Adam et al. [2005] to physical properties compiled from soil engineering studies of a uniform fine to medium sand [Lambe and Whitman, 1969] . Average values for the Poisson's ratio (0.25 -0.40) and Young's modulus were prescribed for our models (Turner-Fairbank Highway Research Center, http://www.tfhrc.gov/safety/pubs/04094/ 04.htm). The sand density was set at 1.732 g/cm 3 [Adam et al., 2005] .
[14] Using the prescribed boundary conditions and material properties, the BEM solves for the displacements and stresses along external boundaries and faults within the model so that that W fric and external work W ext can be calculated. For example, the only boundaries that produce external work are the left side and bottom two elements of the right side. The product of force times displacement is zero along the other model boundaries. Additionally, displacements and stresses can be sampled at specific points throughout the fault system to calculate W grav and W int . The seismic and fault propagation energy are not directly assessed within the quasi-static models because they reflect a change in conditions over time. The seismic energy is the energy released during slip. This can be calculated by comparison of fault stresses within two models before and after the fault has slipped. Similarly, the propagation energy can be estimated by the length of new fault surface times the energy needed to create new fault surface area in models before and after the development of the new fault. The energy needed to create new fault surface has been measured in the lab. Depending on different confining pressures and rock type, the fracture energy can vary greatly (between 10 1 and 10 4 J/m 2 [Wong, 1982 [Wong, , 1986 Cox and Scholz, 1988] ). Recent studies suggest that these values can be decreased by a factor of 3 to 5 if the dilation process before rupture is properly taken into account [Labuz and Dai, 2000] . The sum of the seismic energy and the fault propagation should equal the change in external energy between models before and after fault slip or a new fault develops.
Model Results
[15] Progressive underthrusting is simulated by lengthening the roof thrust. We examine five snapshots of underthrusting at intervals or 2 cm thrust length measured along the upper horizontal portion of the roof thrust. The cumulative error of all the work terms can be assessed from the difference between the sum of all the work components (W tot ) and the work done on the external boundary of the system (W ext ). Most models produce cumulative errors less than 1.5% of the W ext (Figure 3) . Much of this error arises from the internal and gravitational work calculations, which are integrated over the area of the model. Because the stresses and displacements are numerically unreliable near the edges of individual fault elements, some critical points within regions of stress concentration near the faults are left out of the integrations, resulting in underestimation of W int and W grav . Consequently, W tot is consistently less than W ext and the external work, which is not hampered by data gaps, provides a reliable estimate of the total work in the system.
Work Increase During the Underthrusting Mode
[16] Numerical results show a systematic increase in W ext as the sheet is progressively underthrust (Figure 3 ). This suggests that with increasing underthrusting, continued deformation of the wedge requires greater work applied to the system. The largest portion of work goes into frictional heating (W fric > 0.5 W ext ), while uplift against gravity consumes only about 2% of W ext. The new fore thrust produces significantly less frictional heating and less total work in spite of increased W int . The transition from underthrusting to accretion via the development of the new fore thrust follows total work minimization of the fault system.
[17] Within the underthrusting system, uplift against gravity only occurs near the dipping ramp section of the roof thrust (Figure 4) . Although small, W grav increases with thrust sheet length due to increasing thickness of material uplifted above the ramp. The increase in W fric with progressive underthrusting can be attributed to both increasing roof thrust length and increased weight of overburden, which resists frictional sliding and subsequently increases frictional heating within the system. For similar reasons, W int systematically increases as the roof thrust grows longer. As the active ramp is under deeper portions of the wedge, fault slip is inhibited and contraction instead is accommodated by greater internal deformation of the surrounding material. We see in the models a trade-off between the contraction accommodated by fault slip and that accommodated by deformation of the surrounding material.
Work Decrease During Transition
[18] We simulate the beginning of the accretionary stage documented in sandbox experiments by removing the inactive roof thrust and adding an active fault ramp at the front of the deforming wedge in the position of fore thrusting observed by Adam et al. [2005] . The transition from underthrusting to accretionary mode is associated with a significant decrease in the total work on the system (Figure 3 ). This suggests that deforming a wedge system with a ramp in front of the wedge takes less overall tectonic work than deforming a system with a mature underthrust sheet. The transition produces a net decrease in W ext via an increase in W int and a correspondingly larger decrease in W fric .
[19] The work against gravity decreases upon the transition to accretion because the active fault ramp has now less overburden to uplift than the mature roof thrust (Figure 2 ). The reduction of overburden weight on the active fault ramp also decreases the resistance of the ramp to frictional sliding. Thus, to accommodate the same amount of contraction, the accretionary fault system produces less frictional heating than the long and mature underthrust fault system. In apparent contrast to the lesser resistance of the fore thrust to frictional slip, this fault has less slip than the roof thrust in the underthrust models just prior to transition to underthrusting ( Figure 5 ). This is demonstrated by the significant increase in internal work within the accretionary model as the surrounding material accommodates deformation in lieu of fore-thrust slip (Figure 3) . Consequently, the accretion model that minimizes the overall contributions of W grav , W int and W fric is not the fault configuration that accommodates greatest slip.
Position of the Maximum Shear Stress Along the Basal Décollement
[20] The position of the maximum shear stress on the basal décollement was calculated in the model with the longest roof thrust just before the transition to the accretion stage (based on the sandbox models of Adam et al. [2005] ). The numerical model gives a left-lateral maximum shear stress located at 26 cm along the basal décollement ( Figure 6b ) that is also associated with a high distortional strain energy (white arrow, Figure 6a ) along the base of the numerical wedge. High levels of distortional strain energy density have been suggested to characterize the propagation path of deformation bands [Okubo and Schultz, 2005] . Accordingly, we hypothesize that the localization of distortional strain energy in our model may mimic the incipient propagation of a new fore-thrust ramp at the wedge toe. A striking fit can be observed between the position of the maximum basal shear stress within the numerical model and the location of accumulating shear strain at the base of the Figure 4 . Plot of vertical displacement within the wedge during shortening. The vertical uplift is concentrated on the ramp portion of the roof thrust. The total work against gravity integrated throughout the model is much smaller than other work terms. Figure 5 . Slip distribution along the (1) roof thrust ramp and (2) fore-thrust ramp, respectively. The fore-thrust ramp has less slip despite the lesser vertical overburden acting on the fault compared to on the roof thrust ramp. The roof thrust is at its maximum length, prior to transition to accretion observed by Adam et al. [2005] . sandbox model of Adam et al. [2005] (black arrow pointing at yellow red patches in Figures 6d and 6e) .
Efficient New Ramp Location and Vergence
[21] In the sandbox experiment, before the roof thrust is totally abandoned (turning pale green from red) an area of diffuse deformation can be observed ahead of the wedge toe (Figure 6d) . Adam et al. [2005] interpreted this area as a dilational domain that produces strain hardening of the sand just prior to nucleation of a new fault, which eventually occurs toward the leftmost part of the dilational domain (Figure 6e ). The new fore-thrust ramp location is expected to breach the dilational domain. On this premise, we tested the most efficient position for a new ramp to nucleate based on the principle of energy minimization. In our numerical model, we explored two likely locations for fore-thrust and back-thrust ramps for the accretionary stage: (1) the location of maximum shear stress along the basal décollement (location 1, fore thrust 1 (FT1) and back thrust 1 (BT1); Figure 7 ) and (2) beyond the wedge toe in the location of faulting observed by Adam et al. [2005] (location 2, FT2 and BT2; Figure 7 ). FT 2, in front of the wedge, requires the least external work to accommodate the same contraction as the other ramps. The W fric and W grav show nearly equal values for both FT 1 and FT 2 ( Figure 7) ; however, the W int within the FT 1 model exceeds the W int within the FT 2 model. This reflects the resistance of FT 1 to slip (Figure 8 ) due to increased overburden weight. The reduced slip on the ramp increases the amount of local deformation (i.e., W int ) ahead of the wedge toe, as displayed by plots of Strain Energy Density (SED) (Figure 9b ). Conversely, FT 2 more efficiently accommodates contraction via a greater slip (Figure 9a ), resulting in a net decrease of the W tot .
[22] The mechanical efficiency of fore thrusts and back thrusts can also be compared. The wedge needs to expend a larger amount of energy in order to develop back thrusts rather than fore thrusts (Figure 7 ). Both BT1 and BT2 are characterized by a lesser slip than the fore thrusts (Figure 8) , so that the W fric is smaller than along the FTs, even where BT1 has greater overburden than FT1. However, the lesser slip yields disproportionably large increase in W int . The distribution of strain energy density within the wedge indicates a higher level of wedge internal strain for back thrusts compared to the model with fore thrusts (Figures 9c  and 9d) . The overall effect is that of a larger W tot that makes the wedge less efficient to deform with a back thrust rather than with a fore thrust. This is consistent with many analogue experimental observations in that back thrusts do not display prolonged activity. Consequently, the most efficient location for a new ramp is not at the point of maximum basal shear stress, as one would expect for a ramp branching off the basal décollement. Instead new faults develop where the gravitational, frictional and internal mechanical work terms are optimally combined. As validation of the work minimization principle, the fault configu- ration that minimizes the overall work of the system correlates with sandbox observations.
Discussion
Friction and Slip Evolution in Sandbox Models
[23] We have implemented a numerical model in order to quantitatively study the work components of an underthrusting/accretion transition. The analysis was based on the idea that faults nucleate within sandbox models of wedge growth to minimize the system's overall work. Our results indicate that gravity plays a fundamental role during deformation by controlling the balance between the shear resistance on fault surfaces (W fric ) and the overall strain around the fault (W int ). While the critical taper theory predicts uniform deformation within a growing wedge of constant taper angle, locally changing wedge slope has been proposed to alter the normal stress distribution along the basal décollement to promote the development of distinct under thusting and accretion modes [Gutscher et al., 1998; Burbidge and Braun, 2002; Del Castello et al., 2004] . Our numerical experiments further verify that cycles of episodic cycles of underthrusting and accretion should be expected within growing accretionary wedges rather than monotonic growth predicted by critical taper theory. The analysis in this paper offers an explanation of the trade-off mechanisms between different energy terms that force slip to jump from fault to fault across a sand wedge when a new fault propagates along the basal décollement, which was fully disclosed by recent advances in visualization techniques of analogue models of Coulomb wedges (PIV [Adam et al., 2005] ).
Work Minimization
[24] The principle of work minimization predicts that the fault system will evolve to a configuration that requires the least total work so that we can compare the energetic costs of various fault geometries to predict wedge system evolution. If we neglect the acoustic energy released by slip (W seis ) and energy consumed in the formation of new fault surface (W prop ), we can predict that the accretionary mode is favored once the underthrust sheet is longer than 4.5 cm (Figure 10 ). At this length the total work of accommodating contraction by roof thrusting equals the work of accommodating contraction along a new fore thrust in front of the wedge. As the thrust sheet grows beyond 4.5 cm, the W ext (W int + W grav + W fric ) of continued underthrusting requires greater energy than accretion (9.04 J). However, the system persists in the underthrusting stage. Why? The energy required to produce the new frontal ramp from the basal décollement must also be taken into account. Underthrusting will be favored as long as the W ext is less than that necessary for accretion plus W seis and W prop for the accretionary model (equation (1)). The experiment of Adam et al. [2005] demonstrates that the transition from underthrusting to accretion occurs when the roof thrust is 10.5 cm long, when the model is expending 9.44 J to continue underthrusting ( Figure 10 Weight of different work terms for underthrusting phase (roof thrust length just prior to transition) and accretion. Fore thrust 2 is the most energetically efficient faulting geometry for this system setup as it displays the least amount of W tot required for wedge deformation. In all other cases, the W int increase overruns W fric decrease, making these faults not favorably positioned in terms of work minimization.
[25] Although the energy required to propagate faults in sand is not available due to the difficulty of these measurements, laboratory tests on soft cemented sedimentary rocks at low confining pressure have shown W prop around 140 J/m 2 [Labuz and Dai, 2000] . If such sandstone grew a fault as long as the fore thrust in our accretionary models, the rock would consume $9.7 J. Of course, we expect loose sand to require much less energy than soft cemented sandstone because the unconfined compressive strength of soft, cemented sandstone is 100 times greater than that of sand. The order of magnitude of W prop estimated by the model (<0.4 J) agrees with our expectations from available laboratory data.
[26] The values of the various work terms reported here reflect the specific fault geometry of and material properties within the numerical experiment. Although the values of the work components will vary with different fault configurations, the tradeoffs between the different work components within the overall work budget will remain the same. The transition from underthrusting to accretion occurs when the energetic benefit of slip along the new fore thrust exceeds the energetic cost of producing this surface.
Is Work Against Gravity Not Important in Sandboxes?
[27] The progressive increase of vertical overburden due to thickening by no doubts constitutes one of the main drivers to induce the wedge to switch from underthrusting to accretion during cycles observed in analogue experiments [Mulugeta and Koyi, 1992; Gutscher et al., 1996; Del Castello et al., 2004] . The BEM models have relatively small components of work against gravity (W grav (; W int and W fric ). To some degree, this is due to the small scale of the sandbox, which produces small overburden pressures; larger scaled numerical models display a higher portion of work against gravity [Cooke and Murphy, 2004] . Adding a dip to the base of the sandbox model would increase the work against gravity slightly but not to the level of the other work components. Our gravitational work values are in the same order as the analytical estimates of Gutscher et al. Figure 9 . Plots of strain energy density for different fore-thrust and back-thrust location. A progressive enlargement of wedge regions affected by high levels of strain (yellow, see scale for reference) can be observed from Figure 9a (fore thrust 2) to Figure 9d (back thrust 1) . These cross sections confirm that fore thrust 2 accumulates the least internal strain within the wedge. The box in Figure 9a indicates the location of Figure 11. [1998]. Does this mean that gravity is insignificant in sandbox experiments of accreting systems? No. While work against gravity is small (uplift against gravity occurs only on the ramp portion of each fault, Figure 4 ), overburden weight due to gravity critically influences changes in W fric and W int that govern the transition from underthursting to accretion. With increasing vertical overburden, the ramp will tend to slip less, decreasing the W fric and eventually result in the clamping of the fault. However, at the same time, decreasing the slip means a larger fraction of energy is consumed in the form of internal strain of the host rock (W int ). The variation of W int can be smaller or larger than that of W fric (Figure 7 ). This trade-off will determine whether or not a fault is efficiently located such that the wedge minimizes the energy necessary for deformation. Yet, gravity will always be the driving variable. Nevertheless, within natural systems that operate on larger scales, the work against gravity can also become significant compared to other work terms [Cooke and Murphy, 2004] . Consequently, the work budget for natural systems may differ from sandbox models, which are quite sensitive to changes in W fric . Future work should explore the scales of models so that consideration can be given in extrapolating from sandbox interpretations.
Fore Thrusts Are Energetically More Efficient Than Back Thrusts
[28] The numerical model can also be used to evaluate whether the site for spontaneous shear localization in a new ramp observed in the models of Adam et al. [2005] responds to the work minimization principle. In principle, the new fore-thrust ramp could nucleate within the width of the dilation zone along the weakest grain boundaries or largest grains. A new imbricate splaying off at the basal décolle-ment tip may develop where shear stress is maximum along the basal décollement. The BTs consistently show a higher W tot than FTs, suggesting that back thrusts are less efficient and may only be secondary features of the accretion process that allow for a partial accommodation of contraction during the folding process above the fault ramp. Even if our numerical experiments simulate a very small amount of contraction, we believe that work minimization can also explain why the back thrusts are generally observed to die out quite rapidly in sandbox models, immediately after their nucleation [Mulugeta and Koyi, 1992] . This may occur because these faults are steeper than fore thrusts and therefore are not optimally oriented to the horizontal contraction [Cooke and Murphy, 2004 ]. This produces very high level of internal strain, possibly leading to strain hardening and clamping of the fault [Lohrmann et al., 2003] . Other mechanisms must be active to produce a long-lived BT, as in the case of weaker layers in the deforming section [Liu et al., 1992; Cotton and Koyi, 2000; Bonini, 2001] . Another mechanism that may favor back thrusting is exceptionally high levels of fluid overpressure, which produces micro fracturing, deformation bands and cataclastic. Our model results show that the stored internal work, W int , controls the preference of fore thrusts over back thrusts. This suggests that weak layers and/or damage from fluid overpressures may serve to reduce W int locally in order to favor back-thrust development. In nature, very few systems have back thrusts with larger slip than fore thrusts. In the Cascadia subduction zone accretionary complex, back thrusts seem to be favored where conspicuous and rapid sedimentation promotes fluid pressure build up [MacKay, 1995; Gutscher et al., 2001; Adam et al., 2004] .
[29] Wiltschko [2004, 2007] have suggested that back thrusts play a key role in forward propagation of fore thrusts. In their model, the initial back thrust develops at the toe of the wedge and propagates downdip to the décollement. During propagation of the back thrust, a fore thrust develops that intersects the back thrust at the décolle-ment. Within our model prior to fore thrusting, the area of greatest strain energy density and Navier-Coulomb stress, measures of propensity for fault development, occurs at the tip of the wedge (Figure 11 ) and at the same location of back-thrust initiation of Wiltschko [2004, 2007] . While the stress distribution may promote the development of a back thrust, our models results show that for the overall system, a fore thrust requires less work than the back thrust to accommodate contraction; the fore thrust is more efficient and takes over.
Downdip Propagation of the Fore-Thrust Ramp
[30] The observation that the energetically most efficient fore thrust is located away from the position of the maximum shear along the basal décollement may raise some further questions. The position of maximum shear stress calculated by our model just beneath the wedge toe is consistent with previous mechanical analyses of frontal imbrication [Platt, 1988] . In the absence of the results offered by our numerical model, one would normally expect that the branching would occur at the point of maximum shear along the basal décollement or at the location of maximum distortional strain or positions of maximum Coulomb stress. The PIV experimental data of Adam et al. [2005] show an area of diffuse dilatation within the not yet faulted sand pack ahead of the maximum shear strain (equivalent to our maximum shear stress point) location on the basal décollement. Within the dilatational domain, material may be on the verge of failure. Our numerical results show that it is mechanically more efficient to nucleate a new ramp at the outer frontal limit of the dilatational domain, which might then propagate downward to the basal décollement, rather than propagating a new ramp from the basal décollement at the point of maximum shear strain/stress. The nucleation of the new ramp at shallow depths is also supported by the shallow region of high Navier-Coulomb stress displayed by the numerical model in the area corresponding to the dilatational zone ( Figure 11 ). Our results contrast the generally accepted paradigm that fault ramps propagate upward from the basal thrust décollement tip [e.g., Suppe and Medwedeff, 1990] (Figure 12a ) and concur with alternative models of ramp nucleation that evoke failure within the layer and propagation of both fault tips toward upper and lower bedding plane décollements. These models propose that, under horizontal compression, the more rigid layer fails first, creating the ramp, which later propagates into the less competent bedding planes [Eisenstadt and De Paor, 1987; McConnell et al., 1997; Morley, 1994] (Figure 12b ). This outcrop-scale mechanical stratigraphy is analogous in the sandbox models to the sand layer, which acts as a single homogeneous layer bounded by a weaker basal décollement and in the accretionary wedge to deforming rock sequence. In principle, the scale-invariant interaction between the various work terms analyzed in this study at the laboratory scale can be applied to the wedge scale to predict the nucleation of a shallow, large-scale ramp at the foot of a deforming accreting wedge. For example, initiation of a new frontal ramp was recently proposed at the outer Western Alps to explain unexpectedly high rates of local uplift [Nivière et al., 2006] . Unfortunately, the initiation of a new thrust ramp is difficult to detect in nature as it is likely to be short-lived. Once the thrust ramp localizes, the concentrated stresses at the fault tips will facilitate propagation downward and the ramp will rapidly link to the basal décollement tip.
Coincidence Between BEM and Sandbox Model for Small Amounts of Contraction
[31] A remarkable outcome of this paper is the coincidence between the position of the maximum shear stress on the basal décollement calculated by our numerical model with the maximum shear strain observed in the sandbox experiment of Adam et al. [2005] (Figures 6d and 6e) . We emphasize that the location of the maximum shear stress was neither set as a model boundary condition nor was it prescribed at the beginning of the modeling procedure. This is significant considering that although input parameters of the numerical wedge were the same as the mechanical properties of the noncohesive analogue material used in the sand-box experiment, the BEM code was implemented with the linear elastic continuum mechanics. It is certainly Figure 11 . Plots of (a) strain energy density and (b) Navier-Coulomb stress. High values of strain/stress are visible at shallow depth in the vicinity of the wedge toe (outlined by the dashed line).
surprising that sand, which is generally thought as deforming plastically, can be modeled so well by a purely elastic numerical code along short timescales. In the recent past different models (FEM, DEM [Ellis et al., 2004; Burbidge and Braun, 2002; Yamada and Matsuoka, 2005; Naylor et al., 2005] ) were used to numerically simulate deformation observed in experimental Coulomb wedges. Our BEM model, which underestimates the effects of plasticity, might not be able yet to capture the full continuous deformation process within a Coulomb wedge. Certainly, more detailed models are needed to further assess whether elasticity can be effective on a continuous timescale or to appraise the importance of elasticity over plasticity as the key rheology driving the wedge deformation. However, our model demonstrates that at least for small temporal scales elasticity contributes to the wedge mechanics. Indeed, if the wedge deformation is discretized into several snapshots, we can observe that important wedge characteristics such as (1) size and spacing of imbricates, (2) switching between different deformation modes, and (3) activation/deactivation of single fault due to strain hardening/weakening processes can be analyzed in the light of elastic models and that these respond to mechanical concepts of work minimization.
Conclusions
[32] Our BEM models have successfully reproduced the transitory deformation of accreting wedges during an accretion-underthrusting cycle observed in analog experiments. The modeling results confirm that the underthrusting to accretion transition is driven by a complex interaction between gravitational forces and shear resistance along fault surfaces such that a trade-off exists between the amount of energy dissipated as internal strain and that absorbed via frictional heating on the faults. Consideration of individual and total work of the accreting system demonstrates that the development of new fore thrusts reflects the overall tendency of the system to minimize total work even while individual work terms may increase. Because every new fore thrust will accumulate slip and mature to a progressively less efficient underthrusting stage, a repetitive cycle of underthrusting and accretion arises. The transition from underthrusting to accretion occurs when the increase in system efficiency associated with the development of a new fore thrust exceeds the energetic cost of growing the fore thrust (W prop + W seis ). Our model results show distinct phases of underthrusting and accretion during wedge growth, such as observed in different segments of the Alaskan margin [Gutscher et al., 1998; Moore et al., 1991] that are not explained by critical taper theory. In the models, fore thrusts are characterized by higher efficiency compared to back thrusts. This is consistent with observation from previous analogue and numerical models that slip along back thrusts rapidly lessens with increasing displacement. Furthermore, the position and vergence of a ramp that is most energetically efficient matches that produced in the analog experiments.
[33] The work budget analysis offers results consistent with both observations of physical models [Adam et al., 2005] and analytical treatments of accretion [Platt, 1988] . Our numerical approach fills in knowledge gaps from previous analyses of accreting systems that were limited to work against gravity and frictional sliding [Gutscher et al., 1998; Burbidge and Braun, 2002] . By considering the significant component of work accumulating as internal deformation within the wedge (W int ), we are able to paint a more complete picture of the dynamics of underthrustingaccretion transitions. During the transition from underthrusting to accretion, the decrease of work against friction accounts for all of the increase in fault system efficiency and overcomes associated increases in internal work. Consequently, we expect that even small changes in wedge slope and thickness, such as investigated by Gutscher et al. [1998] and Burbidge and Braun [2002] , will have significant impact on slip distribution and mode of wedge deformation. [1997] and Morley [1994] for more details).
